Fresh blue shrimp (Litopenaeus stylirostris) muscle was stored with antioxidants under different conditions: ANTIDX 2%, packed in bilayer film of polyamide-low density polyethylene film (PA-LDPE) with 2% α-tocopherol; ANTIDX 4%, packed in PA-LDPE film with 4% α-tocopherol; and ANTIDX-GLAZED, samples stored glazed with 2% α-tocopherol. Shrimps packed in PA-LDPE without α-tocopherol were used as CDNTRDL. All samples were stored at -20 °C for 120 days. As compared to the CDNTRDL, the shrimp stored with the antioxidant showed lower lipid oxidation (0.10-0.14 vs 1.58 mgMA/kg of muscle), lost less firmness and astaxanthin content. ANTIDX 2% and ANTIDX-GLAZED showed the lowest concentrations of formaldehyde (0.081-0.083 μM/g). There were no significant differences in color and sensory properties, but differences in the integrity of the muscle fibers were observed. The treatments with α-tocopherol maintained the shrimp muscle quality during frozen storage. However, no significant differences were found between these treatments.
Introduction
Shrimp is one of the most important seafood products worldwide (Dosterveer, 2006) . Litopenaeus stylirostris is widely commercialized, and it can be obtained either from an aquaculture or wild. When frozen, it can increase its commercial value due to its chemical and sensory stability. However, some chemical and biochemical reactions can occur even at frozen temperatures (Fennema et al., 2008) , including oxidative changes of lipids and proteins in the muscle, which can affect deterioration in the organoleptic and sensory quality of the product, such as odor, rancidity, dehydration, weight loss, color, and texture (Tsironi et al., 2009 ).
For the reasons mentioned above, freezing is insufficient to ensure preservation of quality of shrimp after catch or during post-harvest handling; therefore, the use of alternative technologies, such as the addition of antioxidant (natural or synthetic) compounds, is necessary. Its use in marine products has been evaluated primarily in fish oils and/or by direct addition to the muscle during glazing (Tang et al., 2001) . However, one disadvantage of this technique is that the migration of the antioxidant to the muscle is not controlled. Thus, a practicable alternative is the use of plastic packaging containing antioxidants, which may retard lipid oxidation and protein denaturation under a controlled release of the antioxidants (Torres-Arreola et al., 2007) .
Several studies have been conducted on the incorporation of BHT in polyethylene films which showed capacity of retarding lipid oxidation in muscle (Huang & Weng., 1998; Torres-Arreola et al, 2007; Soto-Valdez et al., 2015) . Nevertheless, the use of synthetic antioxidants in foods is restricted in many countries due to their harmful effects on consumer health (Hraš et al., 2000) . Consequently, the evaluation of natural antioxidants and their potential use during post-harvest or post-catch handling of marine organisms is necessary. α -tocopherol is one of the major natural compounds used as an antioxidant by the food industry that is safe and provides multiple health benefits (López de Dicastillo et al., 2012) . Granda-Restrepo et al. (2009) developed a polyethylene plastic film with α-tocopherol measuring its migration to the milk powder during storage at 20, 30 and 40 °C. Nonetheless, it is necessary to evaluate its effectiveness in foods with high moisture content at frozen temperatures, such as muscle of marine organisms. Therefore, the present study focuses on the potential application of plastic films containing α-tocopherol as a natural antioxidant and evaluates its effects on the changes in quality in blue shrimp (Litopenaeus stylirostris) muscle during frozen storage.
Materials and methods

Antioxidant packaging films
Two and 4% of α-tocopherol were co-extruded with Low density Polyethylene (LDPE, inner layer) and polyamide (PA, outer layer) with 7% of TiD 2 by the blow extrusion process using a pilot-plant size co-extruder (Beutelspacher, México D.F., México) at the Centro de Investigación en Alimentación y Desarrollo, A.C. campus Hermosillo, México. A control LDPE-PA film without antioxidants was also manufactured. Polyolefin was used to adhere the 2 layers. Three films were manufactured: ANTIDX 2% film (LDPE + TiD 2 /PA + 2% α-tocopherol); ANTIDX 4% film (LDPE + TiD 2 /PA + 4% α-tocopherol); and CDNTRDL film (LDPE + TiD 2 /PA). Finally, a glaze was obtained using an α-tocopherol emulsion in water, with a concentration of 2g of the antioxidant/100 mL. All reagents were purchased from Sigma (USA).
Sampling
Wild blue shrimp (Litopenaeus stylirostris) used in this study were captured in the Gulf of California, Mexico (28.75° N / 112.25° W), during the fall season and transported on ice to the seafood laboratory at the University of Sonora within 6 h of capture (postrigor state). The headless shrimp (muscle) with weight of 15-18 g was packed under different conditions and stored at -20 ± 2 °C for 120 days. Samples for analytical determinations were taken on days 0, 60, and 120.
Chemical analysis
Thiobarbituric Acid Index (TBA-i)
TBA-i during frozen storage (120 days) was determined using 10 g of muscle colorimetrically at 538 nm. A standard curve was constructed with 1,1,3,3-tetraethoxypropane (Woywwoda et al., 1986) . The TBA-i was reported as mg malonaldehyde/kg muscle.
Astaxantine content
The content of astaxanthin was determined as index of total carotenoids, according to the modified method of Sachindra et al. (2005) . Shrimp sample (25 g) was extracted with 100 ml of acetone using a tissue homogenizer M133/ 1281 (Biospec Products, Bartlesville, DK) for 2 min. After extraction, the samples were transferred to a 500 ml separatory funnel containing 100 ml of petroleum ether. The petroleum extracts were then mixed with distilled water containing 1% (w/v) sodium chloride. Finally, the absorption spectrum of the water insoluble compounds was recorded at 472 nm using a UV spectrophotometer (Cary 50; Varian, Walnut Creek, CA, USA). Calculation of the astaxanthin concentration was performed using the standard curve of astaxanthin.
Production of formaldehyde
The formaldehyde content in the blue shrimp muscle during frozen storage was monitored according to Woyewoda et al. (1986) using 100g of tissue with colorimetric detection at 415 nm and a UV spectrophotometer (Cary 50; Varian, Walnut Creek, CA, USA). The standard curve was constructed using a 0.074% formaldehyde solution. The results were reported as mg formaldehyde /g muscle.
Physical analysis
Texture
Ten samples of fresh (0-day) and frozen fish in contact with ANTIDX 2% or ANTIDX 4% films were subjected to texture analysis and compared to the CDNTRDL and ANTIDX-GLAZED samples. Texture was measured by recording the force required to penetrate the material using a Chatillon 2-3b texturometer with a cylindrical plunger of 0.6 cm diameter. Each sample (second and third segment of the muscle) was placed in a position relative to the cylindrical plunger that would result in shearing across the muscle fiber (Dunajski, 1980) .
Color measurement
The frozen shrimp samples were thawed in a refrigerator and cooked in water at 100 °C for 8 min. Color was measured using a colorimeter (Minolta CR-300). For each sample, at least five measurements were performed at different positions of the sample, and the measured values were compared with those of the same sample prior to storage. The average values of 10 samples were reported.
Scanning electron microscopy
Scanning electron microscopy was carried out according to Plascencia-Jatomea et al. (2003) . Shrimp muscles (0.5 × 0.5 cm) were fixed by immersion in 5% (v/v) glutaraldehyde for 24 h at 4 °C and post-fixed with 1% (w/v) osmium tetroxide for 2 h at 4 °C. The fixed samples were dehydrated in a graded acetone series and coated with carbon and gold prior to examination in a Scanning Electron Microscope (JEDL JSM-5410 LV).
Sensory analysis
The frozen shrimp were cooked and evaluated by 20 untrained panelists using a 10-point hedonic scale ranging from 10 = like extremely to 1 = dislike extremely (Dorado-Rodelo et al., 2007) . All panelists were asked to evaluate overall likeness, texture and flavor. Unpeeled samples were presented to the panelists in plates coded with three-digit random numbers.
Statistical analysis
A completely randomized design (two-way ANDVA) was carried out using the type of film (four levels) and storage time (three levels) as factors. Ten different samples of each different storage time treatment were used for texture and color. Five samples were used in the rest of the determinations. Tukey's test, at level of significance p<0.05, was used to determine differences between the treatments of every storage time using the JMP 5.00 software (Statsoft, Tulsa, DK) . A nonparametric analysis with a Kruskal-Wallis test was carried out for sensory analysis.
Results and discussion
Chemical analysis
Thiobarbituric Acid Index (TBA-i)
The lipid content in shrimp samples is relatively low compared with that of fatty fish such as sardines or sierra (Heu et al., 2003; Sriket et al., 2007) . However, changes in lipid structure and behavior could be responsible for the deterioration of muscle quality during frozen storage (Sikorski & Kołakowska, 1995) . Table 1 shows changes in TBA-i (quality index) of blue shrimp muscle during frozen storage. No values of TBA-i were detected in fresh muscle, result that was observed in all treatments for the first 90 days. However, after 120 days, shrimp stored without antioxidant (CDNTRDL) showed 1.58 mgMA/kg of muscle, whereas such increase was not observed in the samples stored with ANTIDX-GLAZED, ANTIDX 2% and ANTIDX 4%. This suggests that after this storage period, the different antioxidant concentrations used successfully prevented lipid oxidation.
These results are in accordance with those reported for several species of crustaceans, which have not exceeded 5 mgMA/kg of muscle in samples that were both stored under ice and frozen (Cadun, et al., 2005; Calder et al., 2005; Kong et al., 2006; Tseng et al., 2005) . Dn the other hand, Bak et al. (1999) found a significant increase in lipid oxidation of cooked cold-water shrimp (Pandalus borealis) after sixth months of frozen storage with atmospheric air, while the shrimp packaged in modified atmospheres showed no significant differences after the same period. Moreover, Tseng et al. (2005) found no differences in TBARS of Australian river crab (Cherax quadricarinatus) treated with propyl gallate, α-tocopherol and rosemary extract as antioxidant solutions over the storage period of three months. This indicates that crustacean muscles are not susceptible to lipid oxidation during frozen storage, probably due to their carotenoids content which could prevent these lipid changes, acting as antioxidants (Shahidi et al., 1998) .
Total carotenoids content
Astaxanthin is the main carotenoid reported in shrimp muscle, which is found to vary between 64 and 98% of the total carotenoids (Goodwin, 1984; Latscha, 1989) . Because of this, its quantification can be considered as an index of total carotenoids in shrimp muscle. Figure 1 shows changes in the astaxanthin content of blue shrimp muscle subjected to all treatments during frozen storage with an initial value (fresh muscle) of about 20 μg/g muscle, which is in accordance with that reported for other species of shrimp (Sachindra et al., 2005) ; nevertheless, it tended to decrease significantly (p<0.05) in all samples after 120 days of storage. Dn the other hand, shrimp stored with CDNTRDL and ANTIDX-GLAZED showed an increase of 25 and 75, respectively, after 60 days with a subsequent decrease (p<0.05). This behavior could be related to TBA-i values detected after the same period, where a decrease in astaxanthin concentration reflects an increase in malonaldehyde content. Accordingly, it is important to mention that due to the large number of conjugated double bonds in their structure, carotenoid compounds can act as antioxidants (Shahidi et al., 1998) .
As a result, according to the behavior explained above, the carotenoids in shrimp muscle acted as antioxidants between the second and fourth month of storage. Bak et al. (1999) , detected significant losses in carotenoid content after three months of frozen storage of Pandalus borealis, showing a significant increase in TBA-i after sixth months. These results were attributed to the protective effect of astaxanthin against lipid oxidation. Figure 2 shows the formaldehyde content in blue shrimp muscle during frozen storage. There was a significant increase (P<0.05) in the CDNTRDL treatment after 60 days, and it kept increasing constantly throughout the whole experiment period. Dn the other hand, the ANTIDX-GLAZED, ANTIDX 2%, and ANTIDX 4% treatments showed an increase in the formaldehyde levels up to 120 days of storage, remaining unchanged (p≥0.05) during the first two months. Additionally, between the α-tocopherol based treatments, ANTIDX 4% and the CDNTRDL were the ones that reached the highest levels of formaldehyde, with no significant differences between them (P≥0.05), and therefore, it can be said that the ANTIDX 2% and ANTIDX-GLAZED are the most effective in avoiding formaldehyde production in blue shrimp muscle after 4 months of storage at -20 °C.
Production of formaldehyde
Production of formaldehyde in shrimp due to the enzymatic reduction of trimethylamine oxide (TMAD) is used as a quality index during post-mortem handling (Badii & Howell, 2002 This compound accumulates during frozen storage, and it can react with the proteins in the muscle to denature them, thus causing changes in texture (Bianchi et al., 2007; Sotelo et al., 1995) . Moreover, it has been reported that texture changes in the muscle of marine organisms during frozen storage can be related to interactions between the formaldehyde generated and proteins present (Matsumoto, 1979 , cited by Bak et al., 1999 , which was observed in the present study by comparing the results of formaldehyde production and texture profile, with a direct relation, especially in the CDNTRDL treatment (Figures 2 and 3) . In other words, the presence of formaldehyde in blue shrimp leads to the softening of the muscle tissue.
Physical analysis
Texture Firmness values of blue shrimp muscle during frozen storage are shown in Figure 3 . There was a gradual decrease in the CDNTRDL treatment after 120 days (p<0.05), whereas samples stored with ANTIDX-GLAZED and ANTIDX 4% had no significant changes in texture compared to that of the fresh muscle after 60 days. However, after 120 days of storage at -20 °C, these samples exhibited a significant decrease in firmness (p<0.05). Dn the other hand, shrimp muscle packed and stored with ANTIDX 2% had no significant changes in texture (p<0.05) during the whole experiment period. This suggests that during at least two months at -20 °C all treatments with antioxidants prevent muscle softening in shrimp, and ANTIDX 2% was able to maintain the muscle fiber structure for a longer period at -20°C. This indicates that the magnitude of the "protective" effect of ANTIDX 2% could be higher than that of the ANTIDX 4% and ANTIDX-GLAZED. Nevertheless, these differences were not observed between the treatments after 120 days (p≥0.05). Dn the other hand, the gradual decrease in firmness in the CDNTRDL treatment (P<0.05) suggests protective effect of the antioxidant treatments on the integrity of shrimp muscle since all treatments with antioxidant also prevented lipid oxidation after four months of storage (Table 1) . This is based on the following statement: lipid oxidation produces free radicals, which are transferred to the amino acids and proteins and may cause its denaturation (Bak et al., 1999) leading to texture changes in the muscle (Undeland & Lingnert, 1999) .
Torres-Arreola et al. (2007) reported a protective effect of a low-density polyethylene with butylated hydroxytoluene on the integrity of lipids and texture in the Pacific Sierra (Scomberomorus sierra) after frozen storage during three months. Moreover, Tseng et al. (2005) found no loss in shear force of Cherax quadricarinatus muscle during frozen storage with antioxidant for three months. These findings are consistent with the results obtained in this study; the texture of muscle of marine organisms is influenced by the use of antioxidants.
Changes in color
Acceptance of frozen shrimp depends on its color, which is considered one of the most important sensory attributes (Niamnuy et al., 2008) . Table 2 shows changes in color (value a, hue angle, and chroma) in blue shrimp muscle during storage at -20 °C. It can be seen that there were no significant differences (P≥0.05) during the whole experiment period (120 days), contrasting with the results of the carotenoids analysis (Figure 1 ), which showed a decrease (p<0.05) in the astaxanthin content. Considering an association between color on crustaceans during cooking and carotenoid compounds, the effect on color in shrimp muscle could be expected. Significant effect of frozen storage on color in shrimp muscle has been reported; this result was found in shrimp subjected to cooking treatment prior to storage (Bak et al, 1999) , whereas in the present study, cooking treatment was applied after storage.
Scanning electron microscopy
The micrographs of the blue shrimp muscle (Litopenaeus stylirostris) under different storage conditions are shown in Figure 4 . The samples of all treatments (CDNTRDL, ANTIDX-GLAZED, ANTIDX 2%, and ANTIDX 4%), stored for 120 days at -20 °C, were compared with fresh and fresh-frozen muscle samples, and the fibers of the two last ones showed tight contact with each other (Figure 4a-b) . Some fractures can be observed in the muscle fibers of all samples stored with α-tocopherol (Figure 4d-f) , whereas in the CDNTRDL samples (Figure 4c) , there was evident deformation. ANTIDX 4% showed the best results in terms of maintaining muscle integrity after 120 days at -20 °C since it had a more compact and orderly distribution compared with that of the other treatments. Torres-Arreola et al. (2007) found that the use of LDPE films containing BHT as antioxidant prevents the fracture and detachment of sierra fish muscle during frozen storage showing an association between lipid oxidation and the integrity of the muscle fibers. However, in the present study, such behavior was not clearly observed since there was no high level of lipid oxidation present. Figure 5 shows no significant differences (p≥0.05) in the flavor, color, and firmness of blue shrimp muscle samples stored under different conditions. Dn the other hand, instrumental analysis results (Figure 3) showed a different texture profile with a decrease in the shear force of the different samples evaluated. In this case, changes in firmness were not perceptible by senses. Sensory textural attributes have been evaluated in chilled lobster, and the results show that firmness was maintained after 10 days although significant differences in shear force were detected by instrumental techniques (Kong et al., 2006) . Furthermore, Dorado-Rodelo et al. (2007) reported no significant differences in the attributes of flavor, firmness, and appearance of rose snapper fillets (Lutjanus guttatus) stored in ovenproof plastic films at -20 °C for 120 days. Based on these results, it can be inferred that the levels of TBA-i and the formaldehyde concentration found in the shrimp muscle were not high enough to cause sensory changes.
Sensory analysis
Conclusions
It was possible to detect the protective effect of different treatments with α-tocopherol on oxidative changes in the blue shrimp muscle samples evaluated (TBA-i and total carotenoids) since there were no differences between them. Therefore, the antioxidant application method is irrelevant when evaluating its effect. Furthermore, the antioxidant used showed a protective effect on the fibers of shrimp muscle maintaining the integrity of its microstructure. Further studies are needed to evaluate the protective effect of α-tocopherol on the integrity of the proteins present in the blue shrimp muscle.
